Background: Sympathovagal imbalance has been associated with poor prognosis in chronic diseases, but there is conflicting evidence in multiple sclerosis. Objectives: The objective of this study was to investigate the autonomic nervous system dysfunction correlation with inflammation and progression in multiple sclerosis. Methods: Heart rate variability was analysed in 120 multiple sclerosis patients and 60 healthy controls during supine rest and head-up tilt test; the normalised units of low frequency and high frequency power were considered to assess sympathetic and vagal components, respectively. Correlation analyses with clinical and radiological markers of disease activity and progression were performed. Results: Sympathetic dysfunction was closely related to the progression of disability in multiple sclerosis: progressive patients showed altered heart rate variability with respect to healthy controls and relapsingremitting patients, with higher rest low frequency power and lacking the expected low frequency power increase during the head-up tilt test. In relapsingremitting patients, disease activity, even subclinical, was associated with lower rest low frequency power, whereas stable relapsingremitting patients did not differ from healthy controls. Less sympathetic reactivity and higher low frequency power at rest were associated with incomplete recovery from relapse. Conclusions: Autonomic balance appears to be intimately linked with both the inflammatory activity of multiple sclerosis, which is featured by an overall hypoactivity of the sympathetic nervous system, and its compensatory plastic processes, which appear inefficient in case of worsening and progressive multiple sclerosis.
Introduction
Autonomic nervous system (ANS) impairment frequently occurs in multiple sclerosis (MS).
14 The ANS may be intimately linked with the altered immune regulation in MS. It is well established that central nervous system (CNS) activation affects peripheral mononuclear cell function through the release of catecholamines. 5 Although evidence suggests widespread involvement of ANS in MS and preclinical data support a pathogenic role of ANS alterations, the correlation with disease activity among MS patients is still unclear. 1, 2, 6, 7 Even less explored is the relationship between ANS function and prognosis in MS, although sympathovagal imbalance has been associated with poor prognosis in other acute and chronic diseases. 8, 9 Acute disability impacts short-term health and quality of life, whereas two processes, the worsening and progression of disability, concur in limiting long-term health in MS, the former related to incomplete recovery from inflammatory relapses, the latter independent from relapses.
Spectral analysis of heart rate variability (HRV) has emerged as the most valuable non-invasive measure of ANS function. Alterations in HRV have been reported in a wide spectrum of other chronic conditions. 11 The aim of this study was to investigate HRV in a large number of MS patients and healthy controls (HCs). Additional analyses investigated the correlation between ANS dysfunction and markers of MS severity, including measures of acute, worsening and progressive disability.
Methods
This study complied with the principles of the Declaration of Helsinki, and was approved by the ethical committee of the Policlinico Università Tor Vergata in Rome. All the subjects gave their written informed consent to the study.
Subjects and study design
One hundred and twenty MS patients, diagnosed according to the revised McDonald criteria, 12 regardless of symptoms of orthostatic intolerance or other autonomic dysfunction, were included. Of them, 84 had relapsingremitting multiple sclerosis (RRMS) and 36 had progressive multiple sclerosis (PMS; primary PMS, n¼20; secondary PMS, n ¼ 16). The control group consisted of 60 age and sex-matched healthy volunteers, with no evidence of MS or other neurological illnesses.
None of the patients and controls had confounding cardiovascular illnesses or other diseases including diabetes mellitus, hypertension or ischaemic heart disease. None of the tested subjects were on medications known to affect the cardiovascular or autonomic systems. Patients could not be enrolled if they had received steroid treatment during the previous month. All the patients and controls refrained from alcohol and caffeine consumption for the 24 hours preceding the tests.
Demographic and clinical information was derived from medical records. MS onset was defined as the first episode of focal neurological deficit indicative of MS. Disease duration was calculated as years from onset to the last assessment of disability.
Ongoing first or second-line disease-modifying therapies were noted. Patients treated with Fingolimod were excluded because of the drug's potential cardiac effects.
A subgroup of RRMS patients (n ¼ 36) was in the active phase of disease at the moment of HRV assessment, either experiencing a relapse (n ¼ 20) or showing radiological activity on magnetic resonance imaging (MRI) (n ¼ 16). Relapses were defined as the development of new or recurrent neurological symptoms, without fever or infection, with onset at least 24 hour before the HRV assessment.
All patients underwent autonomic function tests, MRI and disability assessment within 24 hours, whereas only autonomic function was tested in the HC group.
Disability assessment
Disability was determined by a specially trained and certified examining neurologist using the Expanded Disability Status Scale (EDSS), a 10-point disease severity score derived from nine ratings of individual neurological domains. 13 EDSS evaluation was performed, among relapsing MS patients, at the relapse and during a one-year period of follow-up, and then compared to the last EDSS available before the relapse, in order to assess relapse severity and disability recovery.
Recovery was considered as the lowest EDSS and functional systems scores from the second to the twelfth months after the attack. If the pre-event EDSS was 0, recovery was considered complete if the follow-up EDSS score was 0, incomplete if the follow-up EDSS was 1.0 or greater. If the pre-event EDSS was greater than 0, recovery was defined as complete if no residual signs or symptoms remained other than those present prior to the attack, incomplete if exceeding prior scores.
Autonomic function tests HRV analysis was performed under standardised environmental conditions 14, 15 by a trained technician unaware of the subjects' clinical details. All subjects were studied in a temperature-controlled room (23±1 C). They were asked to abstain from alcohol and caffeine for at least the preceding 24 hours. All tests were performed between 8 a.m. and 10 a.m. ECG (Click EGC USB 312 leads; ET Medical Devices SpA) was monitored by standard methods.
HRV analysis was performed in each subject in the frequency domain using a dedicated software (Light-SNV software) by a trained neurologist unaware of the subjects' clinical details. Stable heart rate (HR) periods of 5 minutes duration were chosen in the last 6 minutes of a 30-minute supine rest. Power spectral The ratio between LFnu after HUTT and LFnu at rest, in a percentage, was used as an index of sympathetic reactivity.
Magnetic resonance imaging
Brain and cervical spinal cord 3 Tesla MRI scans were taken into account when performed within 7 days from HRV assessment. The number and distribution of T2 lesions and the presence of gadolinium (Gd)-enhancing (0.2 ml/Kg iv) lesions were assessed by a neuroradiologist unaware of patients' clinical details and autonomic assessments. An active scan was defined as showing any Gd-enhancing lesion. Patients were stratified according to the presence or absence of infratentorial demyelinating lesions involving the brainstem and cervical spinal cord. HRV parameters were used to construct multivariate models, also including confounding factors as age, gender and baseline HRV values.
Statistical analysis
All statistical analyses were conducted using Stata 9.2 (Stata Corp, College Station, TX, USA). Data were presented as mean±standard deviation (SD). A P value lower than 0.05 was considered statistically significant.
Results

Subject characteristics
Demographic features and clinical characteristics of MS patients and HCs are shown in Table 1 . The two groups were age and gender matched. All subjects correctly performed all the autonomic tests and none of them had symptoms of orthostatic intolerance while testing. The basal values of HR were comparable between the two groups.
HRV highlighted a gender difference with an LF/HF ratio higher in men (2.25±1.3 vs. 1.50±1.15; P ¼ 0.02). The minimum and maximum EDSS values were, respectively, 0 and 6.5, being higher in the PMS group. Ten patients showed abnormal bladder function, three had sexual symptoms, five had sweat dysfunction and four had defecation symptoms. The presence of autonomic symptoms was assumed as covariate in multivariate analyses. Most PMS patients were not on immunomodulatory Disease duration affects HRV in MS HRV analysis in the frequency domain showed no significant differences in LFnu, HFnu and the LF/HF ratio at rest between MS patients and controls ( Figure 1(a) ). The within-group analysis revealed that the expected changes in PSA components during orthostatic stress (significant increase in the LF component and significant reduction of the HF component) were observed both in controls and MS patients (P < 0.01 for all parameters), with a comparable percentage of increase of the LFnu component (Figure 1(b) ). The same results were replicated using FFT analysis (not shown).
Correlation analyses between LF/HF and clinical characteristics revealed a significant association between age (r ¼ 0.30, P < 0.001), disease duration (r ¼ 0.35, P < 0.001) and EDSS (r ¼ 0.28, P ¼ 0.01).
Of note, a positive correlation was found between sympathovagal balance and disease duration, indicating a disease-related progressive disruption of normal autonomic balance. We divided our sample into two groups: group 1 within 5 years from establishment of diagnosis and group 2 with more than 5 years, respectively. We confirmed that patients with more than 5 years from the diagnosis had lower
HFnu and higher LFnu, with a consequent higher LF/HF ratio (P < 0.05 for each comparison).
A longer duration of disease might lead to widespread areas of demyelination throughout the CNS and consequently to greater damage of cerebral pathways located in the brainstem and spinal cord and involved in autonomic control of HR. 16 In our sample, sympathovagal balance was not influenced by the distribution of demyelinating lesions: no significant differences were observed comparing patients with and without infratentorial involvement.
Neither the presence of demyelinating lesions in the cervical spinal cord nor in the brainstem was correlated with significant differences in the LF/HF ratio (infratentorial Multivariate regression analysis confirmed that, among MS patients, disease duration predicted the LF/HF ratio independently from sex, EDSS, distribution of demyelinating lesions, presence of autonomic symptoms and ongoing disease-modifying therapies, as shown in Table 2 .
Sympathetic system is overactive and exhausted in PMS In order to clarify autonomic involvement in MS better, we analysed HRV in patients stratified according to disease form. We therefore considered PMS and RRMS patients in two different groups with respect to HCs.
Disease form significantly affected the LF/HF ratio (F ¼ 13.23, P < 0.001): PMS patients revealed a disruption of sympathovagal balance, showing a predominance of the sympathetic activity at rest. Post hoc analysis revealed a higher LF/HF ratio among PMS patients with respect to both HCs and RRMS (P ¼ 0.001 with respect to RRMS patients, P ¼ 0.01 with respect to HCs; Figure 2(a) ). Higher LFnu and lower HFnu accounted for the higher LF/ HF ratio of the PMS group. Significantly, no differences between RRMS and HC groups were recorded (P > 0.05; Figure 2(a) ).
The magnitude of HRV of each frequency component during orthostatic stress was then calculated. Disease form significantly affected also sympathetic reactivity (F ¼ 3.7, P ¼ 0.02). We observed a significant decrease in HF power and increase in LF power Figure 2 . Progressive disease affects heart rate variability (HRV). Patients with progressive disease showed higher sympathetic tone at rest and lower sympathetic reactivity (a, b). Higher disease severity was associated with greater HRV alteration in progressive multiple sclerosis (PMS) subjects (c). *P < 0.05 with respect to healthy controls (HCs) and relapsingremitting multiple sclerosis (RRMS) patients. (Figure 2(b) ).
Progressive disease was related to loss of sympathetic reactivity in patients with equal values of EDSS, disease duration, demographics, symptoms of autonomic dysfunction, presence of infratentorial lesions and basal LFnu (Table 3) .
Disease severity significantly affected the LF/HF ratio (F ¼ 6.73, P < 0.01) in PMS patients. In fact, a greater LF/HF ratio was found with increasing disability, passing from mildly disabled (EDSS < 4.5) patients to patients with moderate disability (EDSS 4.55.5) and then patients with more severe impairment (EDSS > 5.5) (Figure 2(c) ). However, physiological sympathetic reactivity was partially preserved in PMS patients with mild disability, because the percentage of LFnu increase after HUTT among those with EDSS less than 4.5 was higher but not statistically significant compared to the other PMS (114.1% vs. 94.0%, P ¼ 0.07).
Sympathetic system is defective in active MS ANS has been reported to be involved in the regulation of immune activation.
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RRMS subjects were stratified according to presence (Gd þ , n ¼ 36) or absence (Gd, n ¼ 48) of contrastenhancing lesions at MRI. Our analysis showed altered LF/HF ratio with significantly lower LFnu and higher HFnu in the Gd þ group compared to the Gd group (LFnu, HFnu P < 0.01; LF/HF ratio 0.01), suggesting an involvement of autonomic alterations in the acute stage of inflammation. Furthermore, we observed a significant increase in LF power after HUTT in both groups, with higher sympathetic reactivity among Gd þ patients (P ¼ 0.01, Figure 3 Multivariate regression analysis confirmed that radiological activity independently predicted lower LFnu at equal value of disease duration, EDSS and gender (coefficient 8.14, standard error (SE) 2.41, 95% confidence interval (CI) 12.94 to 3.35, P ¼ 0.001). Conversely, radiological activity did not predict higher sympathetic reactivity at equal values of basal LFnu (coefficient 0.19, SE 0.11, 95% CI 0.42 to 0.03, P ¼ 0.08).
PSA components and sympathetic reactivity were similar between Gd RRMS patients and HCs (Figure 3) . The same results were replicated using FFT analysis (not shown).
Sympathetic system is ineffective in worsening MS
Two processes, progression and worsening, have been described at the basis of irreversible disability in MS. 10 We have shown specific HRV alterations in progressive disease, but we also aimed to study HRV involvement in worsening processes. We therefore analysed HRV parameters in active patients, according to relapse severity and recovery.
First, we found significant differences in HRV response to orthostatic stress between relapsing patients and subjects with only radiological signs of inflammation. Active non-relapsing patients showed greater LFnu increase after HUTT with respect to relapsing subjects, suggesting the involvement of sympathetic reactivity in the clinical expression of brain inflammation (percentage of LFnu Figure 4 (a)). Notably, no significant differences in HRV parameters were found at rest between the two groups (LF/HF 0.83±0.42 0.74±0.40, P ¼ 0.99), LF/HF being lower than HCs for both relapsing and non-relapsing active patients, underlying the effect of subclinical inflammation on HRV alterations (Figure 4(b) ).
Second, we found that subjects with poor recovery from relapse showed less increase after HUTT during the relapse, compared to subjects with complete recovery (LFnu percentage increase 159.9±19.2% vs. 123.15±17.12%, P < 0.001, Figure 4 (c)). In a logistic regression analysis the LFnu percentage increase after HUTT was an independent predictor of complete recovery at equal values of sex, age, disease duration and EDSS during the relapse (odds ratio 0.91, SE 0.04, 95% CI 0.830.99, P ¼ 0.03).
Notably, the severity of relapse, assessed by EDSS increase during the relapse, had no correlation with the HRV parameters (not shown).
Discussion
Although recent evidences point to a widespread and early involvement of ANS in MS, 2 with sympathetic cardiovascular dysregulation and impaired sudomotor function found even in clinically isolated syndrome patients, 18 available data are far from defining clearly the pattern and evolution of autonomic dysfunction in MS. Here we have shown specific altered patterns of HRV in MS related to different phases of disease.
A disease-specific influence on HRV is here shown by the correlation between autonomic balance and disease duration, regardless of the extension of focal demyelination in brain areas controlling these systems, as supposed for years. 16 Furthermore, the correlation between autonomic balance and disease duration was independent from the presence of autonomic symptoms, suggesting that autonomic dysfunction could easily be overlooked by sole clinical evaluation. Therefore autonomic testing might be helpful in detecting subclinical autonomic changes in MS and in the future could be implemented as an outcome measure in clinical trials.
PMS patients revealed a clear disruption of sympathovagal balance, indicative of a predominance of basal sympathetic activity. Our findings showed that overactivity of the sympathetic system was more evident among severely disabled progressive patients, thus correlating with irreversible disability. Our hypothesis is that the chronic overactivation of the sympathetic system could induce the neurodegenerative processes evident in progressive MS patients. Excitotoxicity has been implicated as a mechanism of neurodegeneration and disability progression in MS. 19, 20 Adrenoreceptor antagonists provided neuroprotective effects in experimental settings, partially due to the attenuation of glutamate release. 21 The stimulation of b-adrenoreceptors on HeLa cells has been found to interfere with cellular homeostatic functions such as the activity of the sodiumcalcium exchanger, the regulation of calcium homeostasis and apoptotic processes leading to cellular degeneration. 22 Of interest, transgenic mice that systemically overexpress the alpha1-adrenergic receptors show changes in the expression of genes involved in neurotransmission. Microarray analysis of transgenic brains showed increased Nmethyl-D-aspartate receptors and decreased GABAA suggesting a glutamate imbalance as a molecular rationale for excitotoxicity. 23 A correlation between the overactive sympathetic system and bad prognosis has also been revealed in other chronic diseases, such as cardiac diseases. 24 Figure 3 . Sympathetic system is defective in active multiple sclerosis (MS). An altered low frequency (LF)/high frequency (HF) ratio with significantly lower LF power and higher HF power was found in the gadolinium (Gd)þ group compared to the Gd group and healthy controls (HCs). Active MS was also associated with greater sympathetic reactivity. *P < 0.05 with respect to HCs.
Low resting vagal tone and high sympathetic tone have also been interpreted as stress vulnerability markers in psychiatric diseases, in which increased levels of sympathetic tone were correlated with a worse clinical presentation of the psychiatric conditions.
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Moreover, we have demonstrated here that the increased basal sympathetic tone was associated with the failure of physiological sympathetic reactivity during orthostatic stress. While the HRV analysis shows a statistically significant variation in HRV components during HUTT compared to the supine position in RRMS groups and HCs, such variation does not occur in PMS individuals. The lack of variability at HUTT could reflect an impaired sympathetic reactivity to orthostatic stress in PMS, and this is a further index of autonomic impairment in these patients. On the other hand, the diminished reflex activation of the sympathetic nervous system could be related to inactivity of severely disabled progressive patients and consequent cardiovascular deconditioning. Humans subjected to prolonged periods of bed rest undergo deconditioning of the cardiovascular system, characterised by resting tachycardia, reduced exercise capability and a predisposition for orthostatic intolerance. These changes in cardiovascular function are likely to be due to a combination of factors, including changes in the control of body fluid balance or cardiac alterations resulting in inadequate maintenance of stroke volume, altered arterial or venous vascular function, reduced activation of cardiovascular hormones and diminished autonomic reflex function.
Furthermore, we found that sympathetic reactivity was related to plastic reserve in RRMS, because patients with higher sympathetic reactivity did not show any clinical signs of ongoing brain inflammation. The ongoing brain inflammation in MS is sometimes clinically evident, as patients can present with new inflammatory lesions in parallel to clinical relapses; other times it is subclinical, as patients do not show any signs of neurological dysfunction at equal brain damage. We found with the present study that the sympathetic reactivity is associated with better recovery from MS relapse at equal value of relapse severity, as previously described Figure 4 . Sympathetic system is ineffective in worsening multiple sclerosis (MS). Active not relapsing patients showed a higher increase of low frequency power (LFnu) after head-up tilt test (HUTT) with respect to relapsing subjects (a), despite comparable heart rate variability parameters at rest (b). Incomplete recovery from relapse was associated with lower LFnu increase after HUTT (c). LF/HF: low frequency/high frequency ratio. *P < 0.05 with respect to healthy controls; #P < 0.05 with respect to active not relapsing MS.
for measures of cortical plasticity, already related to the concept of plastic reserve in MS. 27 Accordingly, norepinephrine has been proved crucial in neuronal plasticity in healthy and injured human brains. 2830 We have thus here postulated that the loss of sympathetic reactivity is a specific marker of progressive MS and that higher reactivity is involved in compensative mechanisms such as adaptive plasticity, recently shown to be crucial in counteracting neuronal damage and to limit the expression of acute and worsening disability. 31 Of note, the inactivity of patients with clinical disability in comparison with asymptomatic active MS patients could again induce cardiovascular deconditioning and consequent diminished reflex activation of the sympathetic nervous system. On the other hand, our multivariate analysis demonstrated that sympathetic reactivity is an independent predictor of recovery, ruling out the association with relapse severity, disability and inactivity.
Concerning the relationship between sympathetic activity and inflammation, previous studies showed that alterations of the sympathetic system can alter immunological cascades: increased sympathetic tone can induce an anti-inflammatory and T helper (Th) 2 type milieu, whereas decreased sympathetic tone results in a pro-inflammatory milieu and, in such an environment, Th1 type autoimmune diseases can occur. 32, 33 In line with this, chemical sympathectomy has been shown to increase the severity of experimental allergic encephalomyelitis, 34 whereas adrenoreceptor agonists can reduce it. 3436 Furthermore, previous studies demonstrated reduced norepinephrine levels in blood mononuclear cells of MS patients during relapses. 37 Consistently with these studies, our results showed a significant difference in measures of sympathetic activity between active RRMS patients and both stable MS and HCs, with the former showing a lower sympathetic activity than the latter. We thus hypothesised that patient-specific autonomic balance could predict the risk of reactivation in MS, reflecting endogenous inhibitory signals inefficiency against overshooting inflammation. Accordingly, if the hypoactivity of the sympathetic system was involved in inflammatory reactivation, its hyperactivity should be protective against neuroinflammation; indeed fewer or no relapses occurred in progressive MS, in which we had found a sympathetic predominance. Neurodegeneration and progressive disease could be the price for the continuous autonomic control of acute inflammatory reactivation in MS.
In MS, adaptive plasticity could play a protective role in disease expression, because a certain degree of inflammatory white matter damage is generally well tolerated; the reversible or irreversible clinical disability might only appear when the adaptive abilities of the brain fail. Long-term potentiation of the efficacy of glutamate synapses in unaffected areas is believed to mediate clinical recovery from focal brain lesions, but excessive glutamate transmission is detrimental for neuronal survival through excitotoxic processes. In this respect, glutamate neurotransmission double game in learning and memory and in excitotoxicity is best known. A plasticitypathology continuum, from plasticity through excitotoxicity, has in fact here been proposed for the sympathetic system activation in MS. A prone sympathetic reactivity could be necessary in all stages of disease to limit the clinical expression of brain inflammation and favour compensatory plasticity, which is involved in recovery from both worsening and progressive disability, the first related to incomplete recovery from acute inflammatory relapses and focal demyelination in RRMS patients, the second regardless of relapses.
In conclusion, altered HRV may be linked to reduced global neurological performance, above and beyond traditional cardiovascular risk factors.
A few limitations of the present study should be addressed. First, the number of outcomes was too small to assess the relations of HRV measures with individual neurological endpoints. Further prospective investigations are needed to verify the predictive value of HRV in imminent MS reactivation and disability worsening. Second, the values obtained from short-term recordings could differ from those based on longer periods of observation. Finally, the involvement of the sympathetic system in disease processes is here only postulated, but the demonstration of a causeeffect relationship is still lacking.
A better understanding of the molecular mechanisms underlying progression and recovery in MS will substantially aid the development of new treatment strategies able to exert neuroprotective and restorative effects. 
